Introduction {#s0005}
============

The increase in prevalence and emergence of antimicrobial resistant bacteria (ARB) is an alarming concern. This is because ARB infections often result in increased mortality rates and cause increased healthcare costs. *Enteroccocus faecalis* is a major example of ARB that is difficult to treat due to its intrinsic resistance and ability to acquire resistance through mutation or horizontal gene transfer [@b0005], [@b0010]. As vancomycin is the last line of defence to combat enterococci infections, strains that are resistant to this antibiotic are a threat. Vancomycin-resistant enterococci (VRE) account for approximately one-third of the enterococcal healthcare-associated infections in the USA and for more than 20% of such infections in some European countries [@b0015]. Besides that, *Staphylococcus aureus* is another example of ARB that causes life-threatening infections. The first line therapy for *S. aureus* infection is usually beta-lactam antibiotics [@b0020]. Unfortunately, the emergence of methicillin-resistant *S. aureus* (MRSA) strains essentially indicates that they are resistant to all currently available beta-lactam antimicrobial agents. This limits the treatment options to three non-beta lactam antimicrobial agents such as vancomycin, daptomycin and linezolid to treat MRSA infections, but however recently there is an increase in prevalence of *S. aureus* strains having resistance towards these last few antibiotic options [@b0025], [@b0030]. Due to the limited treatment options available to treat these ARB infections, new antimicrobial compounds are needed to combat this issue.

One strategy is bioprospecting, which is defined as the exploration for potentially new bioactive compounds in unique and extreme ecological niches to treat ARB infections [@b0035]. Bacteria thriving in these environments might produce antimicrobial compounds to gain an advantage in competing for resources and colonization of new habitats. As a result, a tropical peat swamp forest in Malaysia, characterized by its acidic (pH range of 2.9--4.5), ombotrophic and waterlogged conditions was previously chosen as a bioprospecting location for antimicrobial compounds [@b0040]. Despite being such a harsh environment, Ong et al. [@b0045] successfully isolated a novel bacterium *Burkholderia paludis* which showed potent antimicrobial activity towards methicillin-resistant *Staphylococcus aureus* (MRSA) and vancomycin-resistant *Enterococcus faecalis* (VRE). The antimicrobial compound was later identified to be pyochelin.

Pyochelin is a type of siderophore commonly produced by the genus *Pseudomonas* and *Burkholderia*. The biosynthetic gene clusters of pyochelin, along with its iron-solubilizing ability are well characterized. However, pyochelin has demonstrated other biological activity recently other than being only a chelating compound. This compound can particularly inhibit *S. aureus* in a study conducted by Adler et al. [@b0050] and this activity was further substantiated by another study performed by Ong et al. [@b0045]. It was demonstrated that pyochelin is not only effective in inhibiting non-antimicrobial-resistant strains of *S. aureus* and *E. faecalis*, but also the resistant strains at 6.26 µg/mL and 3.13 µg/mL, respectively. It was postulated that pyochelin can inhibit bacterial growth by enhancing the production of reactive oxygen species (ROS) in the cells, which consequently inhibit certain essential biological processes. Nevertheless the mechanism of action of pyochelin as an antimicrobial compound is not well characterized. Thus this study aims to characterize the antimicrobial property of pyochelin.

Material and methods {#s0010}
====================

Culture conditions and maintenance of bacterial strains {#s0015}
-------------------------------------------------------

Test microorganism strains that were used in this study include *Enterococcus faecalis* ATCC 700802, *Enterococcus faecalis* ATCC 29212, *Enterococcus faecalis* JH-22, *Staphylococcus aureus* ATCC 700699, *Staphylococcus aureus* ATCC 43300, *Staphylococcus aureus* ATCC 6538P and *Staphylococcus aureus* ATCC 29213. Strains were cultured on Mueller-Hinton agar (MHA) (Oxoid, UK) at 37 °C and maintained at −80 °C in MHB (Oxoid, UK) with 25% (v/v) glycerol (Merck, Germany). As for *B. paludis* MSh1, it was maintained on nutrient agar (NA) (Merck, Germany) at 30 °C and in 25% (v/v) glycerol in nutrient broth (NB) (Merck, Germany) at −80 °C for long term preservation.

Extraction of pyochelin from *B. paludis* MSh1 {#s0020}
----------------------------------------------

The extraction of pyochelin from *B. paludis* MSh1 was performed according to methodology described by Ong et al. [@b0045]. Briefly, *B. paludis* MSh1 was grown on NA containing 5 g/L of glycerol and incubated for 5 days at 30 °C. The whole media with the bacteria was extracted using methanol (Merck, Germany) and subsequently fractionated using dichloromethane (DCM) (Merck, Germany). The DCM fraction was purified on an open C~18~ column, followed by further purification using preparative high performance liquid chromatography (HPLC). The purity of pyochelin was compared with a standard purchase from Santa Cruz Biotechnology, USA.

Determination of the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of pyochelin {#s0025}
---------------------------------------------------------------------------------------------------------------------

The MIC of pyochelin was determined using a broth microdilution assay as described by the Clinical and Laboratory Standard Institute (CLSI). The MIC is defined as the lowest concentration of an antimicrobial to inhibit the visible growth of a microorganism after 16--20 h incubation [@b0055]. Briefly, the test microorganisms were grown in MHB at 37 °C for 20 h and adjusted to 0.5 McFarland standard (OD~625~ 0.08--0.11), corresponding to 1.5 × 10^8^ colony forming unit (CFU)/mL. The adjusted cultures were then diluted 100 times in MHB and used as inocula. The extracts were twofold serially diluted using sterile MHB in a 96-well flat bottomed microtiter plate. One hundred µL of the adjusted test microorganisms was added to each well. Determination of MIC was performed in triplicate. The positive control for bacteria was 200 µg/mL chloramphenicol (Calbiochem, Malaysia). The negative control contained MHB with test microorganisms. The blank control consisted only of MHB. The microtiter plate was incubated at 37 °C aerobically for 16--20 h and the MIC was determined by the concentration of extract (µg/mL) where no visible growth was observed. All clear wells containing cultures with no visible growth was streaked out onto MHA to determine the minimum bactericidal concentration (MBC). MBC is defined as the lowest concentration of antimicrobial that will prevent the growth of an organism after subculture on to antibiotic-free media. The lowest concentration of pyochelin that showed absence of growth was determined as the MBC level [@b0055].

Killing-kinetics studies {#s0030}
------------------------

A killing kinetic study was performed to determine the effect of different concentrations of pyochelin on *E. faecalis* ATCC 700802 for 24 h. As the *Enterococcus* strains were shown to be more susceptible to pyochelin as compared to the *Staphylococcus* strains, further characterization on the antimicrobial activity of pyochelin was conducted on an *Enterococcus* strain, with particular interest of *E. faecalis* ATCC 700802 due to its vancomycin-resistant property. The killing kinetics assay was performed according to the method described by Pag et al. [@b0060] and Yan et al. [@b0065]. Different concentrations of pyochelin corresponding to 1×, 2× and 4× the MIC determined by broth microdilution were added into 100× diluted 0.5 McFarland adjusted bacteria culture (1.5 × 10^6^ CFU/mL) in 0.85% (w/v) saline (Fisher Scientific, USA) and incubated at 37 °C. Untreated bacterial culture was served as a negative control. The viable count was monitored up to 24 h. Aliquots were taken at defined intervals (0 h, 2nd hour, 4th hour, 8th hour and 24th hour) and appropriately diluted in 0.85% (w/v) saline. One hundred microliters of each of the dilutions was plated in triplicate on MHA. The plates were incubated at 37 °C and the cell viability was assessed by enumerating the colony forming unit (CFU) per millilitre after 24 h. Killing kinetic studies of pyochelin on *E. faecalis* ATCC 700802 were performed under three different conditions: (1) exponential phase culture with agitation at 200 rpm (Smith, A3555, Progressive Scientific); (2) stationary phase culture with agitation at 200 rpm (Smith, A3555, Progressive Scientific); and (3) exponential phase culture at anaerobic condition. The anaerobic cultures were cultured in an anaerobic jar (Labozone, France) with AnaeroGen pack (Oxoid, UK).

Detection of reactive oxygen species (ROS) {#s0035}
------------------------------------------

The production of ROS by *E. faecalis* ATCC 700802 after treatment with pyochelin was evaluated using a peroxynitrite indicator, 2′-7′-dichlorodihydrofluorescein diacetate (DCFH-DA) (Sigma-Aldrich, UK), which can detect a broad range of ROS including nitric oxide and hydrogen peroxide [@b0070]. The adjusted bacterial culture (0.5 McFarland exponential phase bacteria culture) were treated with different concentrations of pyochelin corresponding to 1, 2 and 4 times MIC in presence of DCFH-DA at a final concentration of 5 µM in 0.85% saline and incubated at 37 °C aerobically at 200 rpm (Smith, A3555, Progressive Scientific) for 24 h. Untreated bacterial culture was served as a negative control. The fluorescence emission of DCFH-DA was measured at 525 nm using a Tecan microtitre plate reader with an excitation wavelength of 485 nm [@b0075]. The background fluorescence of 0.85% saline and autoflorescence of the bacterial cells incubated without the probe was measured to calculate the net fluorescence emitted from the assay itself. Experiment was conducted in triplicate.

Determination of malondialdehyde (MDA) {#s0040}
--------------------------------------

Malondialdehyde (MDA) is a natural by-product of lipid peroxidation of polyunsaturated fatty acids caused by ROS, thus is commonly used as a marker for oxidative stress. The production of MDA was quantified by using the OxiSelect™ TBARS Assay kit according to manufacturer's protocol (Cell Biolabs Inc., USA). Briefly, the adjusted bacterial culture (0.5 McFarland adjusted exponential phase bacteria culture) were treated with different concentrations of pyochelin corresponding to 1, 2 and 4 times the MIC at 37 °C aerobically whereas the control was incubated with 0.85% (w/v) saline alone for 24 h. One hundred µl of the SDS lysis solution were added to 100 µl aliquot of the treated culture and incubated for 5 min at room temperature. The mixtures were then incubated at 95 °C for 60 min in presence of thiobarbituric acid (TBA) reagent. Each of the mixture was cooled to room temperature in an ice bath for 5 min and centrifuged at 3000*g* for 15 min (Eppendorf, 5810R). The supernatants were then collected and the absorbances were read at 532 nm. The concentrations of MDA in each treatment were calculated based on the standard curve of absorbance against MDA concentration. This assay was performed in triplicates.

Membrane integrity assay {#s0045}
------------------------

As the bacterial membrane is composed of phospholipilid bilayer, the production of ROS prior to pyochelin treatment might oxidize the lipid content on the cell membrane, hence affecting the bacterial membrane integrity. Therefore, the effect of pyochelin on the membrane integrity of *E. faecalis* ATCC 700802 was determined by using the Live/Dead BacLight Bacterial Viability Kit (Molecular Probes, Invitrogen) according to a protocol from Ong et al. [@b0080]. The adjusted bacterial cultures were treated with different concentrations of pyochelin corresponding to 1×, 2× and 4× the MIC at 37 °C aerobically at 200 rpm (Smith, A3555) whereas the control was incubated with 0.85% (w/v) saline alone for 24 h. After incubation, the treated cultures were pelleted by centrifugation (10,000*g*, 15 min) at room temperature, washed twice and resuspended in 0.85% (w/v) saline. One hundred microliters of the 2× staining solution were added into 100 µl of the bacteria suspension, and incubated in the dark for 15 min. At the end of the incubation period, green fluorescence (SYTO 9) was read at 530 nm while the red fluorescence (propidium iodide) was read at 645 nm with an excitation wavelength of 485 nm. This kit utilizes a mixture of SYTO 9 green-fluorescent nucleic acid stain and the red-fluorescent nucleic acid stain, propidium iodide. The SYTO 9 stain generally labels all bacteria in a population including those with intact membranes and those with damaged membranes. In contrast, PI is impermeable to bacterial cells with an intact cell membrane due to its large molecular size [@b0085]. Thus, bacteria with intact cell membranes will be stained fluorescent green, whereas bacteria with damaged membranes will be stained fluorescent red. The percentage of live bacteria was determined by referring to a standard curve of G/R ratio versus percentage of live *E. faecalis* ATCC 700802 which was pre-plotted earlier. This assay was performed in triplicates.

Statistical analysis {#s0050}
--------------------

The significance of results for the killing kinetics studies, detection of ROS and quantification of MDA were performed using paired-sample *t*-test at the significance level of α = 0.05. The significance of results for membrane integrity assay was performed using Wilcoxon test at the significance level of α = 0.05 (Kolmogoroff-Smirnow test was used to analyse the normal distribution). Statistical analysis was performed using IBM SPSS Statistics 20.

Results and discussion {#s0055}
======================

MIC, MBC and killing kinetics studies of pyochelin {#s0060}
--------------------------------------------------

Pyochelin is a type of siderophore commonly produced by the genus *Pseudomonas* [@b0050]. It has also been reported to be produced by certain *Burkholderia* species such as *B. arboris*, *B. contaminans* and *B. cenocepacia* [@b0090], [@b0095], [@b0100]. Siderophores are important to bacteria as they are able to scavenge ferric ion in the nature for essential biological functions such as DNA synthesis [@b0105]. Pyochelin has been extensively studied from a molecular perspective, as well as its chelating abilities. However this study had shown that pyochelin possesses other biological activity.

The MIC values of pyochelin against the *Enterococcus* strains (*E*. *faecalis* ATCC 700802, *E*. *faecalis* ATCC 29212, *E*. *faecalis* JH-22) and *Staphylococcus* strains (*S*. *aureus* ATCC 700699, *S. aureus* ATCC 43300, *S*. *aureus* ATCC 6538P, *S*. *aureus* ATCC 29213) were 3.13 µg/mL and 6.26 µg/mL respectively; while the MBC values were 6.26 µg/mL and 25.00 µg/mL respectively ([Table 1](#t0005){ref-type="table"}). It was shown that the *Enterococcus* strains are more susceptible to pyochelin when compared to the *Staphylococcus* strains. Nonetheless pyochelin is bactericidal against both *Enterococcus and Staphylococcus* strains as the MBC values were no more than 4× the MIC values [@b0110]. The low MIC values of pyochelin against the *Enterococcus faecalis* and *Staphylococcus aureus* strains is an advantage as it is comparable or lower than the currently available antibiotics which have MIC values of 4--64 µg/mL [@b0055].Table 1MIC and MBC of pyochelin against different test microorganisms.Test microorganismsMIC (µg/mL)MBC (µg/mL)*E*. *faecalis* ATCC 7008023.136.26*E*. *faecalis* ATCC 292123.136.26*E*. *faecalis* JH-223.136.26*S*. *aureus* ATCC 7006996.2625.00*S*. *aureus* ATCC 433006.2625.00*S*. *aureus* ATCC 6538P6.2625.00*S*. *aureus* ATCC 292136.2625.00

Killing kinetics was performed to evaluate the effect of different concentrations of pyochelin on *E. faecalis* ATCC 700802 for 24 h. Two phases of bacterial culture were used in this study: exponential phase and stationary phase. Exponential phase culture consists of actively growing cells which consume readily available oxygen and nutrients for growth. On the other hand, stationary phase culture comprises mostly of mature non-dividing cells which are metabolically inactive [@b0115]. Different types of antibiotics work differently depending on their mechanism of action. For instance, lipopeptides (membrane disruptors) inhibits bacterial growth (both exponential phase and stationary phase culture) instantly by puncturing their cell wall [@b0120]; while beta lactams (cell wall biosynthesis inhibitor) only inhibit actively growing bacterial cells in a time-dependent manner, but they are effective at both aerobic and anaerobic conditions [@b0125].

Pyochelin inhibits growth of exponential phase *E. faecalis* ATCC 700802 in a dose and time dependent manner ([Fig. 1](#f0005){ref-type="fig"}A). *E. faecalis* ATCC 700802 culture treated with 3.13 µg/mL (1× MIC) of pyochelin achieved 3 log reduction after 24 h; while bacterial culture treated with 6.26 µg/mL (2× MIC) and 12.52 µg/mL (4× MIC) of pyochelin achieved 6 log reduction after 24 h. However, a different scenario was observed when stationary phase *E. faecalis* ATCC 700802 was treated with pyochelin as there was only 2 log reduction after incubated for 24 h at 4× MIC aerobically ([Fig. 1](#f0005){ref-type="fig"}B). This result has revealed that pyochelin work best only on actively growing bacterial cells. Nevertheless, pyochelin is different from the beta lactams as it is ineffective against bacterial cells incubated under anaerobic condition ([Fig. 1](#f0005){ref-type="fig"}C), suggesting that oxygen might play an important role in the bactericidal effect of pyochelin on *E. faecalis* ATCC 700802.Fig. 1Effect of different concentrations of pyochelin against (A) exponential phase *E. faecalis* ATCC 700802 (incubated aerobically); (B) stationary phase *E. faecalis* ATCC 700802 (incubated aerobically); (C) exponential phase *E. faecalis* ATCC 700802 (incubated anaerobically) at 37 °C for 24 h. Results are expressed as mean log CFU/mL ± SD plotted against time (n = 3). Asterisk represents significant difference (*P* = 0.05) between each treatment with the negative control at 24 h. As the responding data covers a range from 0 to 10^6^, the geometric sequence of the responding data (representing bacterial growth and bacterial cell death) has been transformed into a logarithmic plot of log~10~ CFU/mL against time. Example: the number of bacteria (negative control) at 24 h is 1.3 × 10^6^ CFU/mL, hence after transformation (log10 1.3 × 10^6^), the value is 6.11.

Effect of pyochelin on the enhancement of ROS production and membrane integrity {#s0065}
-------------------------------------------------------------------------------

It was hypothesized that in presence of pyochelin, the formation of ROS was enhanced in *E. faecalis* ATCC 700802 which can damage the iron-sulphur clusters, thereby releasing ferrous ion. This iron can react with hydrogen peroxide in the Fenton reaction, causing a chain reaction, generating hydroxyl radicals which can directly damage intracellular DNA, lipids and proteins [@b0130]. Hence to validate the hypothesis, the intracellular ROS in *E. faecalis* ATCC 700802 was quantified prior to pyochelin treatment in the subsequent experiments.

The production of ROS in healthy untreated bacterial cells is a natural side effect of aerobic respiration. These ROS can damage the RNA/DNA pool and also oxidizes lipid contents. Thus to protect themselves against the detrimental effect of ROS, bacteria are capable of producing enzymes (catalase and superoxide dismutase) to detoxify the ROS and having regulatory mechanisms (SoxRS, OxyRS and SOS regulons) to counteract the damage [@b0130], [@b0135]. To determine the effect of pyochelin on the enhancement of ROS production, *E. faecalis* ATCC 700802 was treated with different concentrations of pyochelin in presence of DCFH-DA, an unspecific probe for ROS. It was shown that the ROS production in *E. faecalis* ATCC 700802 was enhanced in a dose dependent manner when treated with pyochelin ([Fig. 2](#f0010){ref-type="fig"}). This suggests that the enhanced production of ROS has an indirect effect on the growth of *E. faecalis* ATCC 700802.Fig. 2Quantitation of intracellular ROS production by *E. faecalis* ATCC 700802 after 24 h treatment with different concentrations of pyochelin using the DCFA-DA probe. Results are expressed as mean fluorescence intensity ± SD (n = 3). Asterisk represents significant difference (*P* = 0.05) between each treatment with the negative control.

As one of the side effects of increased production of ROS is lipid peroxidation, an example of the by-product in this process (malondialdehyde; MDA) was quantified in this study. The concentration of MDA in the treated *E. faecalis* ATCC 700802 culture was increased significantly with increasing concentrations of pyochelin. This indicates that the enhanced production of ROS ([Fig. 3](#f0015){ref-type="fig"}) in *E. faecalis* ATCC 700802 prior to treatment with pyochelin has caused an increase in lipid peroxidation ([Fig. 3](#f0015){ref-type="fig"}).Fig. 3Quantification of MDA production in *E. faecalis* ATCC 700802 after 24 h treatment with different concentrations of pyochelin. Results are expressed as mean ± SD (n = 3). Asterisk represents significant difference (*P* = 0.05) between each treatment with the negative control.

Since lipid is an essential macromolecule to the bacterial cell membrane, the membrane integrity of *E. faecalis* ATCC 700802 was evaluated using the Live/Dead BacLight Bacterial Viability Kits. It was found that the percentage live bacteria of *E. faecalis* ATCC 700802 was 52.05% at 8 h and 50.35% at 24 h when treated with 1× MIC of pyochelin ([Fig. 4](#f0020){ref-type="fig"}). This is because the enhanced generation of ROS at 1× MIC by pyochelin is not sufficient to eliminate the entire bacterial population. It was previously reported that bacterial cells are capable of lowering their metabolic activity at sub-lethal ROS concentration, hence allowing the cell's regulatory mechanisms to repair the damaged protein or DNA clusters and concurrently producing more enzymes to detoxify the detrimental effect of ROS [@b0140]. The results shown is consistent with the data obtained from the killing kinetics study as there was only 3 log reduction at 1× MIC of pyochelin after 24 h. Furthermore, the MDA concentration of *E. faecalis* ATCC 700802 treated at 1× MIC of pyochelin was not statistically significant compared to the untreated control, indicating that the ROS level generated in presence of 1× MIC of pyochelin did not trigger significant lipid peroxidation, hence the higher percentage of live bacteria. Nevertheless, the percentage live bacteria of *E. faecalis* ATCC 700802 decreases in a time dependent manner when treated with higher concentrations of pyochelin (2× and 4× MIC) ([Fig. 4](#f0020){ref-type="fig"}) and this is in agreement with the data obtained from the killing kinetics study.Fig. 4Percentage of live *E. faecalis* ATCC 700802 at 8 h and 24 h after treatment with different concentrations of pyochelin using the Live/Dead BacLight Bacterial Viability Kit. Results are expressed as median with range (n = 6). Asterisk represents significant difference (*P* = 0.05) between each treatment with the negative control at each time-point using Wilcoxon test.

This result substantiates that pyochelin can enhance the intracellular production of ROS, which later affects the membrane integrity of *E. faecalis* ATCC 700802, leading to bacterial cell death. Furthermore, the lipophilicity of pyochelin might play an important role in affecting the membrane fluidity or membrane potential (proton motive force), thus allowing the initial entry of pyochelin into the bacterial cells to exert its antimicrobial effect [@b0145]. A similar pattern can be observed from other studies conducted using aspidin BB (an alkaloid), metal oxide nanoparticles and synthesized pyrimidine derivatives, as these compounds exert their antibacterial properties by inducing the generation of ROS as well [@b0150], [@b0155], [@b0160]. The killing mechanism shown in this study might potentially be useful in combating antimicrobial resistance, as it involves the bacterial cell's redox reaction which directly influences the survival of the cells [@b0140], [@b0165]. However sequential passaging of the bacterial culture with sub-MIC of pyochelin should be done in the future to evaluate the development of resistance of *E. faecalis* ATCC 700802 towards pyochelin over generations [@b0170]. Nevertheless, this is the first study to characterize the potential of pyochelin as an antimicrobial compound against vancomycin-resistant *Enteroccocus* (VRE). Further work such as *in vitro* cytotoxic evaluation of pyochelin using normal human cell lines and potentiation of pyochelin with existing antibiotics should be conducted. Furthermore, different strains of *Enterococcus faecalis* or other test microorganisms such as the *Staphylococcus aureus* strains should be tested to further support pyochelin as a potential therapeutic option against ARB infections.

Conclusions {#s0070}
===========

Pyochelin was found to be effective in inhibiting the growth of three *E. faecalis* strains and four *S. aureus*, with MIC values (MBC values) of 3.13 µg/mL (6.26 µg/mL) and 6.26 µg/mL (25.00 µg/mL) respectively via broth microdilution. Pyochelin is able to enhance the production of intracellular ROS, subsequently causing an increase in MDA production and a decrease in membrane integrity of *E. faecalis* ATCC 700802 (VRE) after 24 h. This study has provided an insight that pyochelin might potentially be useful in treating infections caused by ARB, particularly VRE in the future.
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